first analyses of its materials. Nor does it directly address the related questions of the mineralogy of Venus' surface, and the nature and extent of surface-atmosphere interactions on Venus-these are covered elsewhere. Rather, this chapter will recount the extent of our ignorance about Venus' geochemistry, and we will show that even limited chemical data of modestly improved precision can provide huge advances in our understanding of Venus' surface, history, petrogenesis and planetary evolution.
The principal remote-sensing instrument for Venus, radar, is insensitive to the chemistry and lithology of Venus' rocks and regolith, except for the unusual low-emissivity surfaces of Venus' highlands. Some Venusian landforms have strong geochemical implications-e.g., shield volcanos almost certainly formed from basaltic lavas. Other landforms are suggestive of geochemistry (e.g., is the Ishtar Terra highland an Earth-style continent?), while others remain enigmatic (e.g., were the pancake domes felsic or basaltic lavas).
The technological and scientific triumphs of the Russian Venera and VEGA landers yielded limited chemical analyses on seven sites on Venus, and those only from lava plains and rises. Of those seven analyses, four are only of K, Th, and U; two include most (but not all) major elements of silicate rocks; and one includes K, Th, U and most major elements. All of these analyses are difficult to interpret because of their low precision by the standards of terrestrial (and MER rover) rock analyses.
In this chapter, we will consider geochemical data and inferences in order of landform type. The starting point is volcanic plains and rises (i.e., shield volcanos), which cover > 80% of Venus' surface and include all of the in situ chemical analyses of the Venera and VEGA landers. Within some of these plains are small, steep-sided domical volcanos, and long fluid-cut channels. Coronae are distinct and unusual volcanic tectonic features, mostly in the lowland plains. The Venusian highlands are enigmatic, and represented mostly by the tectonic landscapes of the tesserae. Unique among them is Ishtar terra, a plateau 4 kilometers above the adjacent plains surrounded by fold/fault mountain belts. The highest elevations of the highlands are coated with an enigmatic radar-reflective material. Finally, we will briefly consider impact-related deposits, including the lava flows that emanate from many Venusian craters.
VOLCANIC PLAINS ANd RISES
Most of Venus' surface is extensive volcanic plains and rises, constituting ~80% of Venus' surface. Most show landforms characteristic of fluid basaltic lava [Bruno and Taylor, 1995; Crumpler et al., 1997] ; the remainder lack obvious landforms but are also interpreted as plains of basalt lava flow.
Venera and VEGA Analyses
The Venera and VEGA spacecraft all landed on and among Venus' volcanic plains and rises (Table 1 , from Kargel et al. [1993] , ), and chemical analyses of surface materials are given in Tables 2 and 3 . Major rock-forming elements were analyzed by X-ray fluorescence (XRF), using radioactive sources for X-rays ( 238 Pu and 55 Fe). Fluoresced X-rays were detected in gas-discharge proportional counters [Barsukov et al., 1986] . Abundances of K, Th, and U were measured independently by their own gamma-ray emissions, which were detected by a CsI(Tl) scintillator [e.g., Surkov et al., 1986] .
Major element abundances from the X-ray fluorescence analyzers on Venera 13, Venera 14, and VEGA 2 analyses are given in Table 2 , which differs from most presentations in two respects. First, the Venera and VEGA XRF systems could not detect Na, and it is shown as such rather than as calculated values based on unverifiable analogies with Earth basalts [e.g., Surkov et al., 1986] . Second, analytical uncertainties on Venera and VEGA determinations are given as 2σ values rather than the 1σ or 75% confidence limits in the original and most subsequent papers [e.g., Barsukov et al., 1986a; Kargel et al., 1993; Lodders and Fegley, 1998; . The choice of 2σ is for consistency and comparison with the terrestrial geochemical literature and with data from the MER rovers' APXS instruments. It will be seen from Table 2 that, with 2σ uncertainties, the Venera and VEGA analyses become significantly less interpretable. Foremost, MgO and MnO analyses become essentially detections or upper limits at the 2σ level, and so derived properties like Mg/Fe, Mg*(molar Mg/(Mg+Fe)), and FeO/MnO are poorly constrained. Abundances of TiO 2 and K 2 O become much less precise (on a proportional basis), and both become detections in the VEGA 2 analysis.
Presentation of these data with 2σ uncertainties is not meant to denigrate the analyses themselves or the efforts expended obtaining them. Truly, these data are the best available for Venus, and represent an unrivaled technical and scientific achievement. Yet, the Venera and VEGA XRF data are not of the precision usually expected in terrestrial analyses (or hoped for in Martian rover analyses), and cannot be interpreted with the same level of confidence as such terrestrial or Martian analyses.
The Venera and VEGA analyses for K, Th, and U (by gamma-ray spectrometry), are given in Table 3 . In the original reports, and most subsequent investigations, these data are presented with 1σ uncertainties ("2/3 fiducial uncertainty," [Barsukov et al., 1986b] ). As with the XRF data, we present them with 2σ uncertainties for better comparison with terrestrial analyses. At this level, the gamma-ray analyses for Venera 10, and VEGA 1 and 2 are essentially all detections or upper limits (Table 3) . Only for the unusual rock of the Venera 9 site are all the gamma-ray analyses significant at the 2σ level.
Geochemistry of Venus' Surface
Even recognizing that the Venera and VEGA chemical analyses are much less precise than typical terrestrial or Martian rover results, one can still derive some information on Venus' geochemistry. Inferences here follow those of earlier studies [e.g., Surkov et al., 1984; Hess and Head, 1990; Barsukov, 1992; Kargel et al., 1993; , although with skepticism similar to that of Grimm and Hess [1997] .
In general, the Venera and VEGA analyses can be reasonably interpreted as representing primary rocks, or nearly isochemical alterations of them (e.g., by addition of SO 2 from the atmosphere). Scenarios involving chemical alteration are possible or even likely, i.e. mobility of Te or Fe to explain the radar reflective coatings of on the Venusian highlands [Wood, 1997; Schaefer and Fegley, 2004] , or of Ca to explain the low Ca/Al ratios in the surface materials [Grimm and Hess, 1997] . U-Th-K. The naturally radioactive elements uranium, thorium, and potassium, are the major sources of post-accretion heat in Venus. They are also highly incompatible in most igneous settings, and so are crucial tracers of melt production and differentiation. In nebular processes, U and Th are both highly refractory and are not readily separated by their volatility. Thus, nearly all planetary materials have U and Th abundances in the same ratio as CI chondrites. Potassium is more volatile than U or Th, and so K/U and K/Th ratios are commonly much lower than CI. In planetary differentiation, these elements do not enter metal appreciably, and so their abundance ratios are not affected by core formation. In most silicate igneous processing, Th and U behave similarly so that the Th/U ratio remains relatively constant. In fact, K, U, and Th are readily separated only in processes at relatively low temperature, like aqueous alteration.
In the Venus basalt analyses, U and Th abundances are broadly consistent with a CI chondritic ratio, although determinations of U are relatively imprecise. The V8 analysis is exceptional in its very high Th content-6.5 ppm or 220 x CI-which (along with its high K content; Table 3 ) are clear signs that a portion of Venus has undergone significant chemical differentiation! Another interesting observation is that Th/U at the V9 site (the most precise of the analyses), is greater than the CI ratio at the 2σ level of uncertainty. This deviation could represent analytical inaccuracy or an overestimate of precision, or could represent a real fractionation of U from Th. In the latter case, one could reasonably invoke fractionations involving garnet [van Westeren et al., 2000; Perterman et al., 2003] , aqueous fluids [e.g., Stopar et al., 2004] , or possibly ionic fluids like carbonate or sulfate magma [e.g., Kargel et al., 1994; Jones, 1995] .
The potassium contents of materials at most of the Venera and VEGA sites are relatively low-4000 ppm or ~0.4 % K 2 O (Table 3 )-comparable to those of common terrestrial basalts. The glaring exceptions are V8 and V13 (Table 2) , which have ~4% K 2 O-very high for an Earth basalts (Figure 1b, 1c ) and comparable to some highly felsic (e.g., granitic), and carbonatitic igneous rocks [e.g., DuBois et al., 1963; Keller and Krafft, 1990; Kargel et al., 1993; . As above, these high values require significant or extensive differentiation within Venus' crust and mantle. The K/U ratios of the Venera and VEGA samples are all From Kargel et al., [1993] , Abdrakhimov and Basilevsky [2002] , .
consistent within 2σ limits of that of the Earth's mantle (Figure 1b ), as noted earlier [e.g., McDonough and Sun, 1995] . The K/Th ratios are also within 2σ limits of that of the Earth's mantle (Figure 1c ), except for the V9 analysis. Considering K, Th, and U abundances together, the V9 analysis likely represents excess Th above the chondritic expectation of Th/U.
Ca-Ti-Al. Major element analyses from X-ray fluorescence provide several constraints on the origins of the Venera and VEGA basalts. A seldom-used set of constraints from major elements comes from Ca, Ti, and Al. These elements are all refractory and lithophile in planetary accretion and core formation, and are all incompatible in magma genesis from primitive mantles-Ti more incompatible, and Ca rather less so. For basalts produced by relatively high degrees of partial melting (leaving residues of olivine ± orthopyroxene), such as might be expected for the voluminous lavas of Venus, the Ca/Ti/Al of the basalts would be close to those of the source region. Ca, Al, and Ti were analyzed with some precision by the Venera and VEGA landers (unlike Na and Mg, for instances, which would be crucial in most investigations of the geneses of igneous rocks).
In a graph of Ca/Al vs. Ti/Al (Figure 2 ), basalts with relatively simple petrogeneses and high degrees of partial melting should have Ca/Al and Ti/Al values like those CI chondrites, again because the most abundant residual mantle minerals (olivine ± orthopyroxene) retain little of those elements. In fact, simple basalts like the eucrites meteorites have chondritic Ca/Al and Ti/Al, as do terrestrial MORB, which is consistent with their formation from high degrees of partial melting from undepleted or slightly depleted sources. The Martian basalts analyzed in Gusev crater by the MER Spirit lander also have chondritic Ca/Al and Ti/Al ( Figure 2 ). Conversely, the Martian meteorite basalts have super-chondritic Ti/Al and most have superchondritic Ca/Al. Lunar basalts also show superchondritic Ca/Al and TI/Al, which represent source mantle depletion in Al by early formation of the Moon's anorthositic crust. The lunar basalts' Ti/Al ratio, from chondritic to >100 times chondritic, is inferred represent melting of ilmeniterich cumulates in the lunar mantle [e.g., Shearer et al., 1999] . Terrestrial alkaline rocks of oceanic associations and ocean island basalts (OIB) extend from the MORB group near CI, to high Ti/Al ratios at moderately sub-chondritic Ca/Al. Enrichment in Ti without concomitant enrichment in Ca and Al may indicate mantle metasomatic processes (like those responsible for MARId materials [e.g., Dawson and Smith, 1977; Sweeney et al., 1993] ), while the subchondritic Ca/Al likely reflects their high alkali content. The three major element analyses of Table 2 are given in All analyses are consistent with a U/Th ratio like that of CI chondrites [Anders and Grevesse, 1989] , except the Venera 9 analyses (V9). (b). K versus U. All analyses are consistent, within 2σ uncertainties, with the same K/U ratio as the Earth's mantle [McDonough and Sun, 1995] . (c). K versus Th. All analyses but that of Venera 9 (V9) are consistent, within 2σ uncertainties, with the K/Th ratio of the Earth's mantle [McDonough and Sun, 1995] . K/Th value for Mars' crust from Taylor et al. [2007] . Considered with Figure 1a , the V9 sample appears enriched in Th compared to K and U. Figure 2 , although Ti in the VEGA 2 analysis is at detection limit.
All these Venus basalts could, within 2σ uncertainties, have chondritic Ca/Al; it is more likely they have sub-chondritic Ca/Al ( Figure 2 ). This is comparable to most terrestrial alkaline rocks, in which Al is paired to great extent with Na and K rather than Ca. Perhaps more relevant to Venus is that partial melts of dry eclogite (garnet pyroxenite) with MORB-like compositions also have subchondritic Ca/Al [Pertermann and Hisrchmann, 2003; Perterman et al., 2003; see Klemme et al., 2002] . It is also possible that the subchondritic Ca/Al ratio represents loss of Ca during alteration and weathering [Grimm and Hess, 1997] . A plausible scenario for this loss builds on the experiments of Treiman and Allen [1994] , in which basalt glass exposed to CO 2 gas at ~500°C became coated with thin layers of calcite and magnetite. In the real Venus atmosphere, anhydrite (CaSO 4 ) would replace calcite and could be abraded from the rock and transported elsewhere by wind. Like so much else in Venus geochemistry, this scenario is speculative.
The Venera analyses appear to have super-chondritic Ti/Al, and so (in Ca-Al-Ti) are more similar to terrestrial alkaline basalt than MORB. This suggestion that V13 is an alkaline basalt fits closely with its K 2 O content of 4.0% and the chemical similarity between it and terrestrial leucitite lava (among the most K-rich and silica-poor known; [Barsukov, 1992; Kargel et al., 1993; ). However, the V14 and V2 basalts have low K 2 O and are commonly compared with terrestrial MORB [e.g., Surkov et al. 1984; Kargel et al. 1993; . These compositions are broadly similar to basaltic partial melts of anhydrous MORB-like eclogite in their superchondritic Ti/Al and low K 2 O [Pertermann and Hisrchmann, 2003] ; it should be noted that these experimental partial melts have Na 2 O near 3.5%, while the common extrapolation is for the Venus basalts to have only ~2% Na 2 O Kargel et al., 1993; . The Venera and VEGA analyses from compilations of Kargel et al. [1993] and , after comparison with original data (see these references for original sources). Uncertainties are based on the 1σ values tabulated by these authors 'MER-RAT Humphrey' is by the APXS instrument (MER Spirit Rover, Gusev Crater Mars) of an olivine-phyric basalt [Gellert et al., 2006] . WSU BCR-P is a high-quality, replicate analyses of a standard basalt (Columbia River basalts), typical of the best obtainable analyses on Earth [Johnson et al., 1999] . Kargel et al. [1993] and , after comparison with original data (see these references for original sources). Uncertainties are based on the 1σ values tabulated by these authors. 'MER-RAT Humphrey' is by the APXS instrument (MER Spirit Rover, Gusev Crater Mars) of an olivine-phyric basalt [Gellert et al., 2006] .
VEGA 2 analysis is further unusual in having subchondritic Ti/Al, even though the Ti value is an upper limit at the 2σ level.
FeO. The FeO content of a basaltic magma derived from a peridotitic (olivine-rich) mantle and the FeO content of that mantle are comparable [see Longhi et al., 1992; Robinson and Taylor, 2001] . FeO contents of evolved magmas are higher than the mantle value, so that the FeO content of the Venera and VEGA basalts is a rough upper limit to the FeO content of a peridotitic mantle source. The Venera and VEGA analyses average about 8% FeO, which is comparable to those of most primitive Earth MORBs. This similarity suggests that the mantle source of the Venera basalt, if peridotitic, has a comparable FeO content as the Earth's peridotite mantle.
Mg/Fe. For a basalt, the molar Mg/Fe ratio of a basalt and the parameter Mg* = 100•Mg/(Mg+Fe) are crucial markers for the degree of fractionation of a basalt, and of the extent of a mantle's Fe loss to core formation. Thus, it is unfortunate that the Venera and VEGA analyses for Mg are so imprecise (Table 2) . At the 2σ level, the MgO value for the V13 rock is an upper limit, and that for V14 is uncertain to ~80%. The most precise data are for the V2 sample, from which one calculates Mg*=73 +13 -21 . This nominal Mg* is only slightly different from those of primitive Earth basalts (Mg*=68), which represent equilibrium with terrestrial mantle olivine of Fo 91 . If the V2 basalt does have Mg*=73, it could suggest formation from a depleted mantle source, which would be consistent with its sub-chondritic Ti/Al ratio. Or, its high Mg* could suggest that Venus' whole mantle is more magnesian than the Earth's, which could possibly imply that Venus was originally less oxidized than the Earth and that more of its original iron was metallic and sequestered into its core.
FeO/MnO. The Fe/Mn ratio of basalts and their constituent minerals, commonly cited given as FeO/MnO, is a useful constraint on the extent of core formation in a differentiated planet. This arises because Fe and Mn have similar volatility during nebular condensation and similar behavior during silicate differentiation. However, Mn does not enter Fe-rich metal during core formation, so that the Fe/Mn ratio acts as a tracer for the extent of core formation and metal separation in a planetary body Thus, it is unfortunate that the Venera and VEGA analyses for Mn are so imprecise (Table 2) . Formally, the V13, V14 and V2 analyses for Mn are upper limits only at the 2σ level, and restrict FeO/MnO to being greater than ~25. This limit is not diagnostic, and includes CI chondrites (FeO/MnO=95) and most differentiated planets, including the Earth, the moon, Mars, and Vesta. The FeO/MnO ratio could conceivably be more precise than either analysis by itself, if some of the uncertainties in FeO and MnO are correlated. Taking the nominal values in the analyses of the Venus surface materi- als, FeO/MnO averages about 50, which is similar to those of Earth basalts at ~60 [Kargel et al., 1993] and of Martian and eucrite basalts at ~35 [e.g., Drake et al., 1989; Treiman et al., 2000] .
Summary. From the limited and partial chemical analyses of Venus surface materials, the volcanic plains and rises appear to be built of basalts, which are broadly similar to those found on Earth (e.g., in Mg*, FeO/MnO, Ti abundance, Ca/Al ratio). Many of the Venus basalts show signs of strong differentiation, either by enrichment (as in the high K contents of the V8 and V13 samples), depletion (as in the high low Ti/Al and high Mg* of the V2 sample), or by alteration (the superchondritic Th/U of the V9 sample). Considered with 2σ uncertainties, it is not clear that the Venus basalts can be correlated with particular types or tectonic settings as defined on Earth.
Perhaps more evident from these analyses is how many issues remain unresolved. Few analyses are available, and those are imprecise and lack critical major and trace elements. With so few analyses, it is inevitable that vast interesting portions of Venus remain unsampled. In particular, we lack any data from Venus' highlands. In addition, many of the lander sites are complex, and it remains unclear which of several units there were actually analyzed.
The Venera and VEGA missions together produced only three major element analyses, and only one of those was accompanied by analyses for U and Th. The major element analyses did not include Na, and obtained Mg and Al at very low precision. At four other sites, only one has analyses of radioactive elements, and many of those are only upper limits at the 2σ level. All of those analyses, major and radioactive elements are imprecise by terrestrial and modern spacecraft standards (Tables 2, 3) .
With so few analyses for a whole Earth-sized planet, it is inevitable that most geomorphic and geologic regions remain unsampled. All of Venera and VEGA landers targeted sites in a few subsets of the volcanic plains. The Venera 9, 10, 13, and 14 landers sampled a fairly small region-the eastern flanks of the large shield volcanos of Phoebe and Beta Regio: 290-310°E, -10-30°N. And the VEGA 1 and 2 landers both were between Sith corona and Sapas Mons: ~175°E, -10-10°N. Thus, there are no in situ data on large volcanic edifices, rift zones, tesserae, fold/fault belts, or the Ishtar Terra highlands. And even within the volcanic plains, nearly all areas and geologic structures remain unstudied.
The landing sites of the Venera and VEGA spacecraft are uncertain to a radius of ~300 km, so for most sites it is not clear which geologic terrane was analyzed [Kargel et al., 1993] . Several of the landing sites have simple, uniform geology and geomorphology so that it seems fairly clear which unit was analyzed. The V10 and V1 landing sites are on relatively homogeneous flat volcanic plains (Figs. 7, 8 of Kargel et al. [1993] ), the V2 site is almost certainly on flows emanating from Sith corona (Figs. 7, 8 of Kargel et al. [1993] ), and the V14 landing area is nearly all on a small shield volcano/caldera complex (Fig. 3 of Kargel et al. [1993] ). However, the geochemically unusual analyses (V8, V9, and V13) are all from complex sites. The V8 landing site (very high K and Th) is a mottled plain (in radar imagery) with several varieties of lava flows, many small shield volcanos, and a pancake dome ( Fig. 1 of Kargel et al. [1993] ). These features may be associated with an incipient corona structure ]. The V9 landing site (super-chondritic Th/U) is from a complex, intensely faulted plains region near the Rhea Mons volcano of Beta Regio (Fig. 6 of Kargel et al. [1993] ). The site appears to include several different sorts of lava flows, and several small volcanic constructs. The V13 site (basalt with 4% K 2 O) includes a broad rifted zone, and a portion of a small corona and several steep-sided domes lie near the nominal landing region.
It is, of course, tempting to associate these incomplete and imprecise chemical analyses with particular tectonic settings, especially those of the Earth. These associations are perilous, as few (if any) of the plate tectonic regimes on Earth are present on Venus. For instance, Venus basalts may be chemically like MORB, but Venus has no mid-ocean ridges or divergent plate boundaries-in fact, its tectonic processes are the subjects of significant debate. In this case, it is more reasonable to describe the basalts in chemical terms (e.g., mildly depleted tholeiite) or by inferred mantle source region (e.g., partially depleted spinel peridotite) rather than the tectonic setting (e.g., MORB). The only tectonic association we discern in the Venera and VEGA data sets is that the two high-K analyses (V8 and V13) are from sites near coronae. With so few analyses, this association is highly speculative.
Steep-Sided Domes
Across the relatively flat, extensive volcanic plains of Venus are scattered steep-sided domes and 'pancakes', which are also interpreted as volcanic constructs [McKenzie et al., 1992; Pavri et al., 1992; Head et al., 1992] . Included here are modified domes, like 'ticks', which probably formed by mechanical collapse of the margins of domes with more regular plan forms Bulmer and Guest, 1996] . The shapes and steep sides of these domes appear imply to a magma that is much more viscous than the fluid basalts invoked for the extensive volcanic plains and rises of Venus. This apparent high viscosity has been taken to imply a widely different chemical composition, or some difference in physical state.
Steep-sided domes on Earth are typical of silica-rich lavas, dacitic and granitic in composition, and Venus' domes may be comparable [e.g., Fink et al., 1993; Fink and Bridges, 1995] . The Venera 8 chemical analyses, rich in K, Th, and U, was first interpreted as representing this sort of evolved silicic magma [Nikolaeva, 1990] , and the site is near a pancake dome [Kargel et al., 1993] . The V8 chemical analysis is also consistent with more mafic magma types, and the V8 lander returned no photos of its surroundings. Many steepsided domes are found near the summits of large volcanos and volcanic rises [Crumpler et al., 1997] , which would be consistent with their formation as late silicic differentiates (e.g., the Puu Waawaa trachyte dome on Hualala'i volcano, Hawai'i [Cousens et al., 2003] ).
The apparent high viscosities of the dome and pancake lavas have been explained in two other ways. First, an abundance of crystals (or xenocrysts) will greatly increase the viscosity of basaltic magmas [Sakimoto and Zuber, 1995] , both by the mechanical effect of being a two-phase fluid and by the chemical effect that the magma remaining among the crystals (in a closed system) will be more evolved and silicic. Similarly, an abundance of bubbles in the lava (i.e., a foam) will have a mechanical effect similar to abundant crystals and will produce a high effective viscosity [Pavri et al., 1992; Crumpler et al., 1997] . Through experimental and theoretical modeling of lava dome shapes, Fink and Griffiths [1998] inferred that the Venus domes formed most likely from andesitic or crystal-rich basaltic andesite lavas.
At this point, even the assumption of a high effective viscosity is in doubt, as Bridges [1995] and Clague et al. [2000] have shown that pancake-shaped domes can form directly from low-viscosity basaltic magma. They report flat-topped volcanic cones, quite similar to pancake domes, on Earth as products of continuously overflowing submarine ponds of fluid, tholeiitic basalt lava. This specific mechanism may not be relevant to Venus, but Bridges and Clague provide a scenario in which a landform suggestive of very-high viscosity lava can form from slow eruption of fluid lava.
Thus, the chemical compositions of Venus' steep-sided domes and pancakes remain essentially unconstrained. These domes may not be important in the broad scheme of Venus' evolution and volcanism, but yet may provide crucial clues to its magma genesis and differentiation pathways and thus the development of its atmosphere.
Long Channels (Canali)
Most landforms of the volcanic plains and rises are reasonably ascribed to basaltic lavas [e.g., Crumpler et al., 1997] .
However, in several places the basaltic plains are incised by long meandering channels, designated canali [Baker et al., , 1997 ]-the fluid that cut the canali is not known. Canali are long channels, from 500 to 6800 km in length, sinuous and meandering, incised into volcanic plains (and rarely tesserae). Their widths are typically 3 km, ranging up to 10 km, and are constant over the lengths of each canale. Shorter channels are comparable to the lunar sinuous rilles, and can reasonably be ascribed to the flow of basaltic lava. But the longer canali, with their constant widths, are enigmatic.
The challenge presented by canali is to understand what sort of fluid could flow, at Venus' surface, for the distance and time needed to produce channels 500 to 6800 kilometers long. showed that the canali required a low-viscosity fluid that was either very hot or had a melting temperature close to that of the Venus surface. Basaltic and komatiitic lavas seem to be precluded by their rapid cooling rates on Venus Gregg and Greeley, 1993] . The rapid cooling could be reduced by formation of an insulating cover, partially as a roof (although the channels are too wide to be spanned to form a lava tube), and partially by solid plates floating on and carried by the flow [Gregg and Greeley, 1993] . On the other hand subsurface flows of basaltic lava could conceivably produce long channels [Lang and Hansen, 2006 ], but it is not clear if sub-surface flows could produce the observed meanders of the canali.
Possible liquids other than basalts include liquid sulfur, carbonate-rich lavas (carbonatites), and even water if the channels formed when Venus' surface were considerably cooler than at present. Liquid sulfur is a plausible product of reaction between oxidized atmospheric sulfur and reducing silicate rocks, but its low vapor pressure in the Venus atmosphere may imply that it would evaporate too rapidly to produce long channels . Carbonate-rich and carbonate-sulfate lavas were considered by Kargel et al. [1994] , and shown to have appropriately low viscosities, erosive potentials, and melting temperatures [Treiman and Schedl, 1983; Treiman, 1995] . They also showed that carbonate-sulfate liquids could plausibly form in the shallow crust by burial of basalt rock that was weathered at the surface.
Although these canali are a local feature of limited areal extent, they may be critically important for understanding Venus' subsurface. For instance, a Venus crust permeated with carbonate-sulfate magma will have vastly different rheological and electrical properties than a fluid-absent crust. And, as shown here, our understanding of these canali and their fluids is rudimentary and speculative.
VENUS' HIGHLANdS
Besides the volcanic lowlands and rises (volcanos), Venus' surface is marked by two distinct sorts of uplands: highland plateaus, and the unique high plain and surrounding mountains of Ishtar Terra. The geochemistries of the uplands are unknown. At this time, no lander spacecraft has visited either sort of upland, and most of our understanding of their geochemistry is limited to inferences from radar geomorphology and gravity anomalies. The exception to our complete ignorance is that portions of the uplands show an unusually low emissivity in radar wavelengths, which constrains (but not uniquely) the chemistry of materials in the topmost few mm of the surface.
Highland Plateaus
Highland plateaus of Venus stand a few kilometers above the surrounding lowland plains, and comprise ~8% of the planet's surface. Commonly, plateau surfaces intensely deformed by multiple generations of faults, yielding a surface morphology called tessera [Barsukov et al., 1986c; Hansen and Willis, 1996] . Edges of the plateaus are commonly embayed and partially engulfed by lava flows (basalt) from the adjacent volcanic lowlands and rises; inside some plateau are regions which appear to have been resurfaced by lava flows, and a few tesserae cut by canali. No spacecraft have landed on the plateaus, although the nominal landing site of V10 includes some tessera terrane [ Fig. 7 of Kargel et al., 1993] .
The chemical compositions and rock types of the tesserae are essentially unknown; the available constraints come from geomorphology and gravity/topography. Volatile-bearing minerals, created in some earlier cooler epoch, could persist over long durations on the highlands [Johnson and Fegley, 2000 , 2003a , 2003b , but are undetectable in available data. The geomorphology of tesserae is complex and disrupted extensively by fault surfaces, but small undeformed islands are scattered among the faults. Ivanov [2001] found that these islands showed the same surface morphologies as the lowland volcanic plains and inferred that tesserae developed from older plains material and are thus basaltic.
Geophysical data (gravity and topography) for the plateaus and tessera are consistent with a basaltic composition and density, but do not exclude less dense materials. Magellan gravity data suggest that the topography of the tesserae and highland plateaus are isostatically compensated, corresponding to a crust of 20-40 km of basaltic rock [e.g., Simons et al., 1997; Anderson and Smrekar, 2006] . Geophysical data do not, however, exclude the possibility of thinner, less dense material under the tesserae.
Ishtar Terra
The Ishtar Terra upland is unique on Venus, and bears a strong geomorphic resemblance to a continent on Earth. The center of Ishtar Terra is the relatively flat, little deformed Lakshmi Planum, which stands 3.5 km above mean planetary radius (which is only slightly higher than the average elevation of the volcanic lowlands). For comparison, the average height of a continent on Earth stands ~5 km above the average ocean depth. Lakshmi Planum is bordered on most sides by curved mountain belts (Maxwell, Freya, and danu), as are some continents on Earth (e.g., North America). The mountain belts around Ishtar are compressional, in which rock masses appear to have been thrust onto and over Lakshmi Planum [Kaula et al., 1992 [Kaula et al., , 1997 ]. On Earth, similar mountains are common now and in the geologic record as foreland thrust belts [Ansan et al., 1996] (like the Himalayas and the Rocky Mountain front range), where one continental block is forced over another. Early work likened Ishtar Terra to the Tibetan plateau [Kiefer and Hager, 1991] , which formed in a continent-continent collision.
The geomorphic similarity of Ishtar and a terrestrial continent has led to speculation that Ishtar might (like a continent) be composed, at least in part, of low-density rock like granite (sensu lato) [Jull and Arkani-Hamed, 1995] . On the other hand, the high-standing topography and gravity anomalies might represent a thick Fe-depleted (reduced density) lower crust and upper mantle [Hansen and Phillips, 1995] . These ideas are based on, and tested through, modeling the gravity and topography of Ishtar, but the tests have been frustratingly inconclusive, as it is difficult (or impossible) to untangle the effects of density and thickness variations in the crust, density variations in the mantle, flexural support, and dynamic support. The most recent inferences admit the possibility, but not the certainty, of granitic (low-density) rock beneath the mountain belts around Lakshmi Planum [Kaula et al., 1997; Hansen et al., 1997] .
Low-Emissivity Deposits
The highest elevations on Venus, including several tesserae and the mountain ranges surrounding Ishtar Terra (especially Maxwell Montes), appear significantly brighter in Magellan and Venera radar imagery than do lower slopes. This difference is ascribed to the material properties of the highlands, in having a lower radar emissivity (low-ε), rather than being significantly rougher at radar wavelengths [Pettengill et al., 1982 [Pettengill et al., , 1988 . It is generally agreed that the low-ε materials are alterations of, or coatings on, underlying rock materials; the altitude dependence of the low-ε materials implies a significant involvement of atmospheric transport or reaction.
Beyond that, there is disagreement about the nature and significance of the low-ε material.
Earlier models of the low-ε material emphasized normal rock loaded with grains of strong dialectrics: pyrite, FeS 2 Wood, 1994] ; perovskite, CaTiO 3 [Fegley et al., 1992] ; or exotic ferro-electric substances [Shepard et al., 1994] . The bistatic radar experiment of Pettingill et al.
[1996] on the low-ε material of Maxwell Montes showed that its radar electrical properties are not consistent with the loaded dialectric model, but are more consistent with a thin coating of a semiconductor material. Again, several choices were proposed, all involving vapor transport through the atmosphere and deposition in the highlands. Frosts of volatile metals or chalcogenides [Brackett et al., 1995] are possible, with metallic tellurium being the favored material [Pettengill et al., 1997; Schaefer and Fegley, 2004; . However, Wood [1997] argued that coatings of pyrite or magnetite (Fe 3 O 4 ) would provide the requisite electrical properties, and are more reasonable geochemically than metallic tellurium. Preliminary results from the Venus Express spacecraft radar seem inconsistent with a widespread conductor (like tellurium) and more consistent with a loaded dialectric material [Simpson et al., 2007] . Obviously, this controversy is unresolved, and may not be resolved without high-precision analyses of trace components (e.g., Te) in Venus's atmosphere, in situ elemental and mineralogical data in areas of low-ε, or sample return.
CONCLUSIONS
The chemical compositions of Venus' crustal materials are poorly known. The incredible engineering and scientific successes of the Venera and VEGA landers yielded individual chemical analyses from a few sites. Unfortunately, with so few landing sites and so many interesting and diverse terrane types, many important volcanic and tectonic remain unsampled, as (most likely) do many important rock composition. Also unfortunately, the chemical analyses have very large uncertainties that preclude their interpretation beyond broad generalities.
Even with these huge caveats, the Venera and VEGA analyses show that Venus is geochemically diverse. Its basalts include varieties both depleted in incompatible elements (e.g., K, U, Th) and enormously enriched in them. This variety among the few analyses shows significant magmatic or mantle differentiation. In addition, one analysis may show a non-chondritic Th/U ratio, which would not be attainable under silicate magmatic differentiation and could indicate the chemical action of other fluids (e.g., water or carbonatite).
However, the available analyses have barely touched the surface of Venus' geochemistry. We have no information on the chemical compositions of Venus' highlands, or on its major shield volcanos, and only a few analyses of the basalts in its extensive lowland volcanic plains. This lack of data on the plains is exacerbated by the available data itself. The Venera and VEGA analyses represent a wide range of basalts, and who knows what other varieties are present?
Other constraints on the chemistry of Venus' surface are limited and ambiguous. The radar-reflective (low emissivity) highlands are probably coated by thin layers of semiconductor material, as shown by bistatic polarized radar [Pettingill et al., 1996] . The chemistry of this coating remains a mystery. Some small volcanic domes and flows have forms and sizes that suggest silica-rich lavas, but basalt lava (rich in phenocrysts or bubbles) would have similar shapes. And, part of the Ishtar Terra plateau may be underlain by silica-rich rocks (e.g., granite), but other explanations are available.
So, Venus is now a geochemical terra incognita. We know less of Venus' geochemistry than those of many asteroids, intact or disrupted [e.g., Keil, 1989; Drake, 2001; McCoy et al., 2002; Floss et al., 2003 ]! Any new data on Venus' geochemistry would be greatly welcome!
Remote Sensing Opportunities
Geochemistry by orbital remote sensing is extraordinarily difficult on Venus because of its thick, relatively opaque atmosphere. The atmosphere and its clouds do not permit surface analyses by either gamma rays nor thermal emission spectra, as have proven so useful for Mars [e.g., Feldman et al., 2004; Christensen et al., 2005] . However, a few orbital observations may be useful in surface chemistry.
First, the Magellan bistatic radar experiment proved very useful in constraining the nature of the radar-reflective, low-emissivity highlands [Pettengill et al., 1996] , touched a miniscule portion of Venus' surface. The VeRa (Venus Radio Science Experiment) on the Venus Express spacecraft, currently in orbit at Venus, will perform additional bistatic radar experiments to cover much more of the surface [Titov et al., 2006; Häusler et al., 2006; Simpson et al., 2007] . These experiments are expected to further constrain the electrical properties of the low-emissivity coatings on Venus's highlands, and possibly provide some constraints on the composition and structure of other regions of Venus' crust.
Second, Venus' atmosphere is not completely opaque to all wavelengths of light-there are narrow windows in the near infrared between 0.85 and 1.18 µm [Moroz, 2002; Hashimoto and Sugita, 2003] . It may be possible to retrieve surface emissivities in these windows (after correction for atmospheric effects) [Hashimoto and Sugita, 2003; Marinangeli et al., 2004] , and thereby retrieve broad constraints on surface rock types, i.e. felsic versus mafic igneous rock.
Optical remote sensing of the Venusian surface would much more rewarding from a balloon platform f loating below the cloud base [e. g., Klassen and Greeley, 2003] . Below the clouds, the surface would be generally visible in all wavelengths, but spectroscopic measurements will be affected by multiple reflections and emissions between the clouds and the ground (downwelling and multiple radiances); yet, it should be possible to obtain useful spectra in the visible and NIR [Moroz, 2002] .
Lander Science Opportunities
Landers with contact (or near-contact) instruments are the only way (short of sample return) to obtain detailed, precise geochemical data about the Venusian surface. The Venera and VEGA missions demonstrated conclusively that Venus landers are possible and can yield an extraordinary science return. The challenges and opportunities now are to improve on Venera and VEGA. Venus rovers or long-duration landers present huge technical challenges, and are beyond a near-term realistic appraisal. So, one can assume that the next Venus surface landers might have sizes, volumes, and thermal protection systems comparable to those of Venera and VEGA, and comparable lifetimes of only a few hours. But significant improvements are possible in instrumentation, sample selections, and lander location.
Instruments. The Venera and VEGA instruments were excellent at the time for chemical analyses by X-ray fluorescence and intrinsic gamma-ray spectrometry, and there have been significant advances in both types of analysis. For X-ray fluorescence analyses of major and minor elements, two systems designed for Mars could work nearly as well in a Venera-style spacecraft on Venus. The APXS system deployed now on Mars in the Mars Exploration Rover (MER) landers [Rieder et al., 2003] is robust and has provided precise (and accurate) chemical analyses [Gellert et al., 2006] . However, the MER analysis in Table 2 (with very low uncertainties) represents data collection overnight, so that a 1-hour analysis would be considerably less precise. Another XRF system is CheMin, slated to fly on the Mars Science Laboratory (MSL) '09 rovers system, which is a combined XRF and XRd analytical instrument Sarrazin et al., 2005] . Because CHEMIN has an active Xray tube, it can produce a higher flux of fluoresced X-rays than does APXS, and so presumably provide more precise element chemistry than APXS. Both the APXS and CheMin instruments would be usable in a Venus lander spacecraft, would provide quantitative analyses of the crucial element Na, and provide huge improvements in analytical precision on the other major elements.
Gamma-ray spectrometry has also seen advances since the CsI(Tl) detectors used on Venera and VEGA, but it is not clear that these advances are more advantageous for Venus. The constraints for gamma ray analyses on Venus are: low count rates (intrinsic radioactivity only); short count time (limited lander lifetime); difficulty (cost and mass) of supporting cryogenic detectors (thermal constraints); and the need to detect gamma rays from only three elements (K, U, and Th). Of currently available detector systems, CsI(Tl) is still the most efficient in terms of countable events per incident gamma ray. Other scintillator materials, like BGO (bismuth germante), can run warm and have better energy resolution than CsI(Tl) [Feldman et al., 1999] , but that energy resolution is not helpful for analysis of K, U, and Th by their own radioactive decay. A different system, direct gamma ray detection in germanium, is in use in the GRS instrument on the Mars Odyssey Spacecraft . Ge detectors have very high energy resolution, but require cryogenic cooling and also detect only about 1/20 of the gamma rays that a comparable CsI(Tl) detector would. If CsI(Tl) is the gamma detector of choice for Venus, improvements over Venera and VEGA would probably have to come from larger detector volumes.
On the other hand, it is possible that other analytical techniques, besides XRF and passive gamma counting, would be useful for Venus. Laser-induced breakdown spectroscopy, LIBS [Cremers and Radziemski, 2006] , is the laser-activated equivalent of spark-source emission spectroscopy. A LIBS instrument is baselined for the MSL'09 rover mission to Mars as part of the ChemCam package . LIBS must be considered seriously for Venus, because of the very short time it requires per analysis, and its sensitivity to some uncommon but geochemically useful elements (including H, Ni, and U, ). The high surface pressure of Venus does affect LIBS performance, an effect which is being studied [Arp et al., 2004; Salle et al., 2005] .
If analyses of other trace elements are deemed critical, techniques besides passive gamma counting may be required. Pulsed neutron sources [Akkurt et al., 2005] may provide the capability of INAA-like analyses for prompt gamma emission spectrometry on Venus landers [Latif et al., 1999; Ebihara and Oura, 2001] . depending on neutron energies and permitted count times, analyses may be possible for most major elements and many trace elements, including H, B, S, Cl, Co, Ni, and Sm [e.g., Oura et al., 2003] .
Sample Access and Number. A significant weakness in the Venera and VEGA analyses is that they could only analyze a single sample at each landing site. All the sites showed at least two types of material-rock and regolith-so multiple analyses would be important. Also, it would be very use-ful to measure chemical compositions of rock surfaces and interiors, to constrain the nature and extent of surface-atmosphere interactions. This sort of study by the MER rovers has proved important for determining the 'real' compositions of the basalts at the Spirit Rover site [Gellert et al., 2006] . So, it would seem very important to have the capability of doing at least two chemical analyses (by XRF), and of obtaining at least two different samples for analyses. This capability has significant implications for sample handling systems and analysis durations.
Lander Locations. As noted above, all of the in situ analyses of Venus' geochemistry are from its lowland basalt plains. Even though there is significant geochemical variability in the plains, landing on other sorts of sites would greatly enhance our understanding of the planet. Geochemistry from lavas on a major volcanic rise (a shield volcano like Sapas Mons) or a corona feature would help determine if and how they are related to mantle plumes. Geochemistry from a tessera site would help explain the origins of these upland regions, and probably something of the older history of Venus. Geochemistry from a radar-reflective (low-ε) highlands would help delimit surface-atmosphere interactions. And geochemistry of a suitable site on Ishtar Terra might reveal whether Venus has a true, Earth-style continent, with all its implications for abundant water [Campbell and Taylor, 1983] . Truly, most of Venus is geochemical terra incognita.
Lander / Balloon. An interesting twist on these in situ analytical schemes is involvement of a balloon. In this scenario, a sample would be collected from a balloon or tether, and would then be carried up into the atmosphere to a lower temperature and pressure. There, analytical instruments would have more time to investigate the chosen sample. This scenario would probably not include gamma-ray analyses, and sample selection would depend on where Venus' winds blew the balloon.
Sample Return Opportunities
Sample return would be the most informative spacecraft outcome for Venus geochemistry, but also would be the most ambitious, speculative, and costly. Venus sample return presents many technical challenges, including Venus' high surface temperature, the need to return through a thick atmosphere, and an abundance of corrosive gases and particulates. Yet studies of Venus sample return missions are ongoing [e.g., Rodgers et al., 2000; , and sample return appears to be possible, if costly.
Venus sample return would allow Earth's full analytical armamentarium to be applied, and would permit the same sort of detailed informative investigations now possible on Martian (and other) meteorites-age, magma composition, mantle composition, core size, surface alteration processes and pathways, etc-see Treiman [2005] for a review of the understanding gained from one class of Martian meteorites. Jones and Treiman [1998], MacPherson [2001] , and Shearer and Borg [2006] have shown the importance returned samples from Mars and the moon-returned samples from Venus would be equally important.
